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The spontaneous emission rate of a quantum dot coupled to a structured photonic reservoir is determined
by the frequency dependence of its local density of photon states. Through phonon-dressing, a breakdown of
Fermi’s golden rule can occur for certain photonic structures whose photon decay time become comparable
to the longitudinal acoustic phonon decay times. We present a polaron master equation model to calculate
the photoluminescence intensity from a coherently excited quantum dot coupled to a structured photonic
reservoir. We consider examples of a semiconductor microcavity and a coupled cavity waveguide and show clear
photoluminescence intensity spectral features that contain unique signatures of the interplay between phonon
and photon bath coupling. c© 2018 Optical Society of America
OCIS codes: (270.0270); (350.4238); (300.6470).
Quantum dots (QDs) behave as artificial atoms in a
solid-state media and are promising for scalable quan-
tum information processing [1]. Quantum dots can also
be coupled to structured photonic reservoirs like pho-
tonic crystals (PCs), which alter their light-matter in-
teraction dynamics. However, lattice phonon interactions
cause QDs to behave differently from simple atoms [2],
manifesting in various effects such as damping and fre-
quency shifts of driven Rabi oscillations [3–5], excitation
induced dephasing of Mollow side-bands [6], off-resonant
cavity feeding [7, 8] and asymmetric vacuum Rabi dou-
blets [9,10]. Recently [11], it has been shown that for cer-
tain photonic reservoirs, a break-down of Fermi’s golden
rule can occur when determining the spontaneous emis-
sion (SE) rate of an embedded QD. Specifically, for reser-
Fig. 1. (Color online). Photonic microcavity (a) and a coupled-
cavity waveguide (b) using a photonic crystal platform, containing
a coupled semiconductor QD. (c) Energy level diagram of a neu-
tral QD (electron-hole pair) interacting with a phonon bath and a
photon bath. The operator f†
k
(b†q) creates a photon (phonon).
voir decay times that are comparable to the phonon re-
laxation times, a large bandwidth of the local photon
density of states (LDOS) dictates how SE occurs. Thus
the SE rate is not only determined by the LDOS at the
emitter frequency [11, 12].
In this Letter, we develop a polaron ME approach [11]
that includes both a photon reservoir and a phonon reser-
voir, and explore the influence of the phonon-modified
SE rate on the photoluminescence intensity (PLI). The
PLI spectra is generated by recording the emission in-
tensity of a QD, as a function of laser-exciton detuning
using a coherent laser drive. This is a useful experimen-
tal technique for determining the emission properties of
a QD, and recent experiments already show clear signa-
tures of the phonon bath [2, 6]. Here we show theoreti-
cally how the PLI of a QD, excited by a weak coherent
drive, changes in the presence of a structured photonic
reservoir. We highlight several non-trivial PLI signatures
that arise due to the broadband frequency dependence
of the QD SE rate and perform a systematic study of
these effects as a function of temperature.
Our theory can be applied to any general LDOS
medium, but we focus here on microcavities and coupled
cavity waveguides, as shown schematically in Fig. 1(a-b).
The semiconductor QD is modelled as a two-level exci-
ton system (strong confinement limit) interacting with
a photonic reservoir and an acoustic phonon bath [13]
(Fig. 1(c)). To model the PLI, we consider a QD that is
weakly driven by a cw (continuous wave) pump laser of
Rabi frequency ηx. The total Hamiltonian of the system,
in a frame rotating at the laser frequency ωL, is [14]
H = h¯
∫
dr
∫ ∞
0
dω f†(r, ω)f(r, ω) + h¯∆xLσ
+σ−
−
[
σ+eiωLt
∫ ∞
0
dω d · E(rd, ω) + H.c
]
+ h¯ηx(σ
+ + σ−)
+ Σqh¯ωqb
†
qbq + σ
+σ−Σqh¯λq(b
†
q + bq), (1)
1
where σ+/σ− are the Pauli operators of the exciton
(electron-hole pair), d = dnˆd is the dipole moment of the
QD at spatial position rd, ∆xL = ωx−ωL is the exciton-
laser detuning, bq (b
†
q) are the annihilation (creation) op-
erators of the acoustic phonons, and λq is the exciton-
phonon coupling strength; f/f† are the boson field opera-
tors of the photon reservoir, and we have used the dipole
and the rotating wave approximation in describing the
interaction between the QD and photonic reservoir. The
electric-field operator E(r, ω) is related to the medium
Green function G(r, r′;ω) [14].
The Hamiltonian H is polaron transformed as
H ′ → ePHe−P where P = σ+σ−Σq λqωq (b†q − bq) [15],
which includes electron-phonon interaction to all or-
ders. We assume a weak-to-intermediate coupling be-
tween the QD and the photon bath and derive a time-
convolutionless [16] polaron ME for the QD reduced den-
sity operator ρ [11] using a second-order Born approxi-
mation. The polaron ME is given by
∂ρ
∂t
=
1
ih¯
[H ′S , ρ] + Lphot(ρ) + Lphon(ρ), (2)
where H ′S = h¯∆xLσ
+σ− + h¯ηx 〈B〉 (σ+ + σ−),
〈B〉 = exp[− 12φ(0)] is the thermal average of the
phonon bath displacement operator [15], and φ(t) =∫∞
0
dω
Jpn(ω)
ω2 [coth(h¯ω/2kBT ) cos(ωt) − i sin(ωt)] is the
independent-boson model phase with Jpn(ω) the phonon
spectral function [13]. For convenience, a polaron shift
∆P =
∫∞
0
dω
Jpn(ω)
ω is implicitly included in the defini-
tion of ∆xL. A trace over the phonon [13] and photon
variables [17] is performed in deriving Eq. (2) where the
phonon and photon reservoirs are assumed to be in ther-
mal equilibrium and statistically independent [18].
The incoherent interaction of the QD with the photon
and the phonon reservoirs are described by the super-
operator terms Lphot and Lphon, respectively; Lphon is
not influenced by the photonic reservoir and in the limit
of small pump rates can be approximated as Lphon =
Γσ
+
L[σ+] + Γσ
−
L[σ−] − γcd(σ+ρσ+ + σ−ρσ−), where
L[O] = 12 (2OρO
† − O†Oρ− ρO†O). The phonon scatte-
ring terms, Γσ
+/−
= 2 〈B〉2 η2xRe[
∫∞
0 dτe
∓i∆xLτ (eφ(τ) −
1)] represent incoherent excitation and radiative decay
of the QD, respectively [19], and the cross-dephasing
term γcd = 2 〈B〉2 η2xRe[
∫∞
0
dτcos(∆xLτ)(1 − e−φ(τ))]
influences the spectral lineshape through dephasing
of off-diagonal density matrix elements [20]. The
interaction with the photonic reservoir is however
modified by phonons, and is given by Lphot(ρ) =∫ t
0
dτ
∫∞
0
dω Jph(ω)[−Cpn(τ)σ+σ−(−τ)ei∆Lτρ +
C∗pn(τ)σ
−ρσ+(−τ)e−i∆Lτ + Cpn(τ)σ−(−τ)ρσ+ei∆Lτ −
C∗pn(τ)ρσ
+(−τ)σ−e−i∆Lτ ], [11] where ∆L = ωL − ω,
Jph(ω) =
d·Im[G(rd,rd;ω)]·d
πh¯ǫ0
is the photon reservoir
spectral function, while Cpn(τ) = e
[φ(τ)−φ(0)] is the
phonon correlation function. The time-dependent op-
erator σ±(−τ) = e−iH′Sτ/h¯σ±eiH′Sτ/h¯ results in pump
field dependent scattering terms; but for weak drives,
such dependence is negligible and Re[Lph] gives rise to
phonon-modified spontaneous emission decay (γ˜L[σ−]),
where the phonon-modified SE decay rate is [11, 21]
γ˜ = 2
∫ ∞
0
Re[Cpn(τ)Jph(τ)]dτ, (3)
and Jph(τ) =
∫∞
0 dωJph(ω)e
i(ωL−ω)τ is the photon cor-
relation function. As shown elsewhere [11], this phonon-
modified SE rate contains contribution from the broad-
band photonic LDOS sampled by the bandwidth of the
phonon bath, which is in contradiction with the well
known Fermi’s golden rule for SE decay. A measurement
of SE rate as a function of the photonic LDOS frequency
can demonstrate the influence of non-local LDOS contri-
butions [11]. Such measurements are however difficult
to obtain experimentally. Alternatively, a PLI measure-
ment from a coherently excited QD can be used to probe
the non-local frequency dependence of SE rate. Such
measurements have been used to measure the phonon
side-bands from a single excited QD, but without any
photon reservoir coupling [20]. Thus it is of practical rel-
evance to study the effects of photon reservoir coupling.
The QD PLI (Ix) is proportional to exciton popula-
tion nx = 〈σ+σ−〉 = Tr(σ+σ−ρ), where Tr denotes the
trace. For the current problem, an analytical form of nx
is derived using the Bloch equations [20], yielding
nx =
1
2

1 + Γσ
+ − Γσ− − γ˜
Γσ+ + Γσ− + γ˜ +
4〈B〉2η2x(Γpol+γcd)
Γ2
pol
+∆2xL−γ
2
cd

 , (4)
where Γpol =
1
2 (Γ
σ+ + Γσ
−
+ γ˜ + γ′). A tempera-
ture dependent pure dephasing term of the form γ′ =
3 + 0.95(T − 1)µeV [10, 22] is also included in the ME
(Eq. (2)) for calculation of the PLI.
To observe the effects of reservoir coupling on the PLI,
we choose a Lorentzian single mode PC cavity (Fig. 1(a))
and a PC coupled-cavity waveguide (Fig. 1(b)), both
in the weak coupling regime. The PC defect cavities
(Fig. 1(a)) are important for investigating fundamen-
tal aspects of cavity-QED in solid-state [23], with po-
tential applications for quantum information process-
ing [1] and low power optoelectronics [24]. Photonic crys-
tal waveguides (Fig.1(b)) are useful for slow-light prop-
agation [25] and for manipulating the emission proper-
ties of embedded QDs for on-chip single photon emis-
sion [26, 27]. The bath function for a single cavity mode
is Jph(ω) = g
2 1
π
κ
2
(ω−ωc)2+(
κ
2
)2 , where g is the QD-cavity
coupling rate, and κ is the cavity decay rate. For the
PC coupled cavity waveguide [28], the photon bath
function is evaluated using an analytical tight-binding
technique, where nearest neighbor coupling is assumed
between adjacent cavities of mode volume Veff [29],
Jph(ω) =
−d2ω
2h¯ǫ0n2bVeff
1
π Im
[
1√
(ω−ω˜u)(ω−ω˜∗l )
]
, where ω˜u,l =
ωu,l±iκu,l [29]. The real part (ωu,l) represents the band-
edge frequencies of the waveguide (see Fig. 3(a)), the
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Fig. 2. (Color online). Cavity: (a) Purcell factor at T = 40 K
for cavity with (solid) and without phonons (dashed). The cavity
decay rate, κ = 0.6 meV which corresponds to a Q of 2300 at
ωc/2pi = 1440 meV. (b) QD excitation nx (∝ Ix), when the cavity
is aligned to the right of the QD at T = 40 K. The photonic
reservoir line-shape (dark dashed line) is plotted for reference. The
solid light line is the excitation in the absence of photonic reservoir
coupling. The dark solid (light dashed) line plots nx in the presence
of the photonic reservoir (cavity structure), when phonons do (do
not) influence the SE rate, γ˜ (γ). Left inset is a magnified view
of the PLI dip in the presence of structured photon reservoirs.
Right inset shows the variation of the PLI dip with temperature.
Solid (dashed) line shows the intensity dip with (without) phonon
modification to the SE.
imaginary part κu,l represents damping and nb is the
refractive index of the dielectric. For our phonon cal-
culations we use parameters describing InAs QDs [20],
where longitudinal acoustic phonon interaction, result-
ing from deformation potential coupling dominates and
Jpn(ω) = αpω
3 exp[− ω2
2ω2b
]. The phonon cutoff frequency
due to spatial charge confinement is ωb = 1 meV, and
exciton-phonon coupling strength αp/(2pi)
2 = 0.06 ps2
[2]. The QD dipole moment is taken to be d = 50 Debye.
The PLI (∝ nx) from a QD coupled to a cavity and
a waveguide is plotted in Fig. 2(b) and Fig. 3(b), re-
spectively. To help explain the spectral profile, we have
also reproduced the Purcell factors (PF) (top panels,
Fig. 2(a), 3(a)) for these two representative LDOS pro-
files [11]. The PF is defined as PF = γ˜/γb, where γb rep-
resents the decay rate in the background slab material.
The solid and dashed lines are PFs with and without
phonons, respectively, and the PF without phonon in-
teractions is γ/γb, where γ = 2
∫∞
0 Re[Jph(τ)]dτ . In the
regions where the contribution from the local photonic
LDOS (cavity peak, waveguide mode-edge) is strong,
phonons clearly reduce the PF. In contrast, in regions
where the photonic LDOS is weak, then phonons en-
hance the SE rate through non-local contributions of the
photonic LDOS.
For our PLI calculations (Fig. (2, 3) (b)), the QD
is held at a fixed detuning from the photonic LDOS
and is excited with a weak drive laser (ηx = 0.4µeV),
where the laser frequency is varied to obtain the PLI
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Fig. 3. (color online). Waveguide: (a) Purcell factor at T
= 40 K for a coupled-cavity waveguide with (solid) and without
phonons (dashed), plotted as a function of detuning from band-
center ω0. The waveguide calculation uses parameters from [30].
(b) QD excitation nx (∝ Ix) when the waveguide upper mode-edge
is aligned to the right of the QD at T = 40 K. The curves represent
the same quantities as in Fig. 2(b). The solid thin line in the lower
inset shows the PLI dip with a symmetric Lorentzian cavity.
as a function of laser-exciton detuning. The light solid
line in Fig. (2, 3) (b) is the PLI in the absence of any
structured reservoirs (γb = 1µeV) and ∆xL = 0 meV
marks the position of the zero phonon line (ZPL). The
cavity (Fig. 2(b)) and the waveguide upper mode-edge
(Fig. 3(b)) is located approximately 1meV to the right
of the ZPL (dark dashed line). In the absence of a struc-
tured photonic reservoir, the PLI is enhanced around
this region at low temperatures [2]. The phonon-assisted
incoherent excitation process Γσ
+
increases with laser
detuning ∆Lx due to higher phonon emission probabil-
ity and the phonon-induced decay rate Γσ
−
reduces [19].
This leads to larger population excitation nx (Eq.(4))
and hence stronger QD emission on the blueside of the
ZPL. However, the presence of the structured reservoirs
reduces the PLI (light dashed line). For weak driving,
the SE rate γ samples the photonic LDOS at the drive
laser frequency (ωL) when the Markov approximation is
valid [14,31,32]. Hence γ, following the photonic LDOS,
is enhanced in this region. Thus the PLI shows a dip
(Fig. 2(b) left inset and Fig. 3(b)). When we include a
phonon-modified SE rate (γ˜), the size of this dip reduces
(dark solid line). It should be noted that in the case of a
cavity, γ˜ can also be estimated using phonon-mediated
cavity scattering rates [19], in the high Q limit approx-
imation [11]. However for the cavity parameters used,
there is negligible difference in the PLI profiles above.
However, for smaller Q cavities (i.e., Q < 1000), these
two ME techniques result in substantially different SE
rates γ˜, though the PLI dip is smaller. Thus cavities with
Q factors greater than a few thousand are better to cap-
ture the non-local LDOS effects through PLI measure-
ments; here any departure from a symmetric Lorentzian
LDOS would require the full reservoir calculation of γ˜
3
(Eq.(3)) to understand the PLI profiles.
In the case of a cavity, the broadband frequency de-
pendence of SE can be observed from the line-shape of
the PLI dip in Fig. (2(b) left inset). Furthermore the de-
pendence of the PLI dip on temperature bears a clearer
signature of this effect. The PLI dip is estimated from
the difference in intensity between the points marked by
the circles in Fig. 2(b) and 3(b). The circles mark the
PLI dip and the highest intensity on the right of the dip.
When the SE is not influenced by phonons, the PLI dip
increases as a function of temperature as the emission
intensity of the phonon side-band increases (Fig. 2(b),
3(b)) inset, dashed line). When phonon effects are in-
cluded in the SE rate, then the size of this PL dip reduces
(Fig. 2, 3 (b)) inset, thick solid line). This is caused by
a phonon-induced reduction of SE close to peak LDOS
and an enhancement away from the peak LDOS (dark
solid line, Fig.3 (a)). Such behavior is more discernable
in the case of a waveguide (Fig. 3(b) inset, thick solid
line), due to the asymmetric nature of its mode-edge
LDOS [11]. Note that a symmetric Lorentzian cavity of
similar linewidth (Fig. 3 (b) inset, thin solid line) pro-
duces a much smaller PLI dip.
In conclusion, we have presented a theoretical study
to describe PLI as a function of laser-exciton detuning,
from a coherently excited QD coupled to a structured
photonic reservoir in the presence of electron-phonon
coupling. Using the examples of a cavity and a slow-light
waveguide, we have demonstrated how the frequency de-
pendence of the phonon-modified SE rate influences the
PLI, causing clear spectral signatures that should be ob-
servable in related experiments. Our theory can be used
to model the QD PLI in a wide range of photon reser-
voirs.
This work was supported by the Natural Sciences and
Engineering Research Council of Canada.
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